Materials and methods

GWAS datasets
The six BD GWAS datasets for this analysis (as shown in Stable 1 process was conducted for both groups of data by using PLINK (Purcell et al., 2007) . Principal component estimation was done with the same collection of SNPs for IBD calculation using EIGENSTRAT (Price et al., 2006) . We estimated the first 20 principle components and evaluated their impact on the genome-wide test statistics using λ as (Ripke et al., 2011) . Based on this, we used the top five principle components with the smallest λ together with the study indicator variables as associated covariates for logistic regression test to get P-values of SNPs.
i-GSEA4GWAS v2
i-GSEA4GWAS v2 (http://gsea4gwasv2.psych.ac.cn/) is a free web server as an open platform for researchers to analyze GWAS data (Zhang et al., 2014) . Unlike the conventional gene set enrichment analysis (GSEA) (Subramanian et al., 2005 ) with a heavy dependence on genotype data, this approach uses SNP label permutation instead of phenotype label permutation to calculate P-values, which makes it easily available for most published GWAS investigations. Besides, based on the enrichment score (ES), i-GSEA4GWAS v2 uses the significance proportion based enrichment score (SPES), which emphasizes the total significance coming from high proportion of significant genes to improve sensitivity. The SNP P-value list from association analysis was used as the input of i-GSEA4GWAS v2. We mapped the SNPs in the 5 kb upstream and downstream of gene to genes. The pathway dataset, which was served as the search space of our PBA, was from Kyoto Encyclopaedia of Genes and Genomes (KEGG) (Ogata et al., 1999) .
Only the pathways with size (number of genes involved) more than 20 and less than 200 were used in our PBA for BD. Other input parameters were default. Those pathways with false-discovery rate (FDR) < 0.25 were kept as candidate pathways associated with BD.
SNP Ratio Test
The SNP ratio test (SRT) (O'Dushlaine et al., 2009 ) compares the proportion of significant SNPs to all SNPs within genes that are part of a pathway and computes an empirical P-value based on comparisons to ratios in datasets where the assignment of case/control status has been randomized. The input is the genotype data of GWAS in PLINK binary format. The same KEGG pathways as we used in i-GSEA4GWAS v2 were used for pathway searching. Mapping rule from SNPs to genes was also 5 kb upstream and downstream. Standard association analyses were performed for both the original data and 1000 randomized phenotype datasets. Finally, a list containing the empirical P-value for the statistically significant enrichment of GWAS associated SNPs within each KEGG pathway was generated. Those pathways with P-value < 0.05 were kept as candidate pathways associated with BD.
GenGen
GenGen is a modified GSEA algorithm to perform pathway-based analysis of GWAS data. It takes the maximum statistic for all SNPs near a gene to represent the significance of the gene and uses a permutation-based approach that shuffles the phenotype labels of cases and controls to adjust for multiple testing (Wang et al., 2007) .
The input file for GenGen is genotype data. The same KEGG pathways and SNP -> gene mapping rule were used as the other two tools. According to our data size, 1000 permutation cycles were used to adjust for multiple-hypothesis testing. Those pathways with FDR< 0.25 were selected as final results.
Literature evidence for new identified pathways
Besides the pathways validated by other PBA papers, we also identified several novel pathways, which have not been reported to be associated with bipolar disorder by PBA study but have been validated in other literature and deserve further attention, including 'Ubiquitin mediated proteolysis' and 'Oocyte meiosis', which were validated by three PBA tools in our analysis and also statistical significant in Group A dataset (FDR < 0.05); 'Retinol metabolism' and 'Metabolism of xenobiotics by cytochrome P450', which were identified in both two groups with significant association with BD (P-value < 0.05, FDR < 0.05).
Protein ubiquitination plays an important role in eukaryotic cellular processes; and it mainly functions as a signal for 26S proteasome dependent protein degradation. Now, proteolysis by the ubiquitin-proteasome pathway (UPP) is widely recognized as a molecular mechanism controlling myriad normal functions in the nervous system (Hegde and Upadhya, 2011) . This pathway has been identified as a canonical pathway associated with several neuropsychiatric and brain disorders, including Alzheimer's (Lam et al., 2000) , Parkinson's (Shimura et al., 2001) , bipolar disorder (Bousman et al., 2010) , ethanol-induced disorders (Donohue, 2002; Hegde and Upadhya, 2011) and schizophrenia (Middleton et al., 2002; Altar et al., 2005) . Recently, Maria et al. have reported the abnormalities of ubiquitination system in schizophrenia by using gene expression analysis (Rubio et al., 2013) . The evidence supported the association of 'Ubiquitin mediated proteolysis' with bipolar disorder. Meiosis is a specialized type of cell division, which reduces the chromosome number by half. Although there is no direct evidence showing that oocyte meiosis is related to BD, a study has pointed out that ubiquitin-proteasome pathway plays important roles in oocyte meiosis resumption, spindle assembly, polar body emission, and pronuclear formation, probably by regulating cyclin B1 degradation and MAPK/p90rsk phosphorylation (Huo et al., 2004) . Among these, 'MAPK signaling pathway' is reported by two PBA studies for BD (Chen et al., 2009; Peng et al., 2010) . Moreover, there is a report that the aggregation of abnormally phosphorylated Tau proteins, which is considered as typical pathology of Alzheimer, is related to the reactivation of mitotic mechanisms (Delobel et al., 2002) . Another pathway we identified, named 'Progesterone-mediated oocyte maturation', is also involved in this process. It provides evidence that the pathway 'Oocyte meiosis' may be associated with BD. Hence, it is worthy to further study the relationship between oocyte meiosis and BD.
Another two remarkable pathways were 'Retinol metabolism' and 'Metabolism of xenobiotics by cytochrome P450'. The pathway 'Retinol metabolism' has been reported in a PBA study for BD (Smith et al., 2009) , providing a validation for our result.
'Metabolism of xenobiotics by cytochrome P450' has not been reported in any BD PBA studies so far, but many studies that focused on the drug metabolism and treatment of BD have mentioned cytochrome P450. Quetiapine, which was found to be effective in the treatment of BD, is predominantly metabolized by cytochrome P450 3A4 (Khazaal et al., 2013) .
